In this study, the water budget in the treatment of high salinity landfill-leachate was estimated and the influence of evapotranspiration (ET) on treatment performance was investigated. The salinity of the inside of horizontal subsurface flow constructed wetland (HSF) of the raw leachate inflow was 15.0 ± 3.4 gCl -/L which was in the level of the salinity of the survival limit of reed, and that of the double diluted leachate inflow was 9.3 ± 1.9 gCl -/L. There were large differences in the vegetation between HSF of the raw leachate inflow and that of the double diluted leachate inflow. The dense vegetation bed of double diluted leachate inflow during the growing season (April-October) provided a high ET and a large water loss, which made great contributions to the reduction of the outflow load of COD and T-N. The HSF with die-back reeds in the non-growing season (November-March) provided a slight ET and a small water loss and made less of a contribution to pollutant removal compared to the HSF with dense vegetation bed during the growing season. However, the HSF with die-back reeds during the non-growing season exhibited higher removal performance than the unplanted HSF.
Introduction


Constructed wetlands are widely known to save energy, to be low-cost, to have environmental friendliness and to provide sustainability for the wastewater treatment system. They have been used for treating various types of wastewater around the world including domestic, agricultural, industrial wastewaters and various runoffwaters [1, 2] . Constructed wetlands also have been frequently used for the treatment of landfill-leachates in many countries [2] .
In Japan, most wastes are incinerated to reduce the landfill disposal of wastes and the incinerated ashes are dumped into landfills. As the ashes contain a large quantity of inorganic salts, most of landfill-leachates contain a high salinity which is higher than that of sea water. Table 1 shows an example of the landfillleachate quality.
A high salinity impedes remarkably the growth of many plants. It is commonly assumed, however, that reeds can tolerate salinity to a high degree. Matoh [3] demonstrated that reeds were successfully grown at chloride concentrations of up to 17.8 gCl -/L, and reeds could grow normally until 10.7 gCl -/L. Barr [4] reported that P. australis could tolerate salinity to quite a high degree of up to 7.3 gCl -/L for normal growth, surviving at up to 12.7 gCl -/L. Mauchamp [5] demonstrated that reed growth decreased as salinity increased (50% decrease at 4.6 gCl -/L when compared to freshwater) and a 7-100% mortality depending on population, occurred at 9.1 gCl -/ L and 12.1 gCl -/L.
Although, there was little information concerning the treatment of high salinity landfill-leachates with constructed wetlands, some reports concerning the treatment of high salinity landfill-leachate using constructed wetland were given during past several years [6] [7] [8] [9] . Plants are an important component of wetland systems and various kinds of plants such as reed, canarygrass, cattail, papyrus, iris, etc. are planted in the constructed wetlands [10] .
There are several roles of wetland plants on constructed wetlands [11] [12] [13] , which are: (1) prevention of the clogging by the rhizome of plant; (2) oxygen release from the rhizome; (3) the offer of a habitat of a rhizosphere; (4) uptake of nutrients and (5) the offer of a natural landscape.
Vymazal and Kropfelva [10] published throughout literature review on the role of plant in HSF. However, the mechanisms by which macrophytes affect water treatment in constructed wetlands are under debate.
Constructed wetlands receive water through inflow and precipitation, and lose water throughout flow, evaporation and transpiration, i.e., evapotranspiration (ET). Plants have a critical role in determining the dynamics of water loss, mainly through ET. The ET of emergent macrophytes is a significant process in constructed wetlands, especially in the HSFs which the water loss increased due to high HRT. For example, ET from a constructed wetland in Morocco planted with Arundo donax was 40 mm/d and 60 mm/d with P. australis, as compared to 7 mm/d in an unplanted HSF [14] .
The transpiration of plants has a close relation to the water budget in the constructed wetlands and influences to the HRT and purification process [15] . The information concerning the influence of the difference of plant growth on ET and the influence of ET on removal performance in the treatment is little.
What is the influence of ET on the treating process and the removal performance? The objective of this study was to estimate the water budget and to investigate the influence of ET on the removal performance in the treatment of a high salinity landfill-leachate using HSFs.
Materials and Methods
Materials
Reeds grown under high salinity conditions had higher treatment efficiencies than reeds grown under low salinity conditions in the treatment of high salinity landfill leachate [6] . Therefore, in this study, the reeds which vegetated around the estuary area of the mouth of the Nanakita river, located at the eastern part of Sendaicity were used. Six stocks of reeds were planted in a bed on April 2010 and the experiment was started.
Experimental Designs
The pilot-scale HSFs were located in a site of the landfill on the suburb of Sendai city, Miyagi prefecture in Japan. The experimental approaches consisted of three runs: Run A was a raw leachate inflow with reeds, Run B was a double diluted leachate inflow with reeds and Run C was a double diluted leachate inflow without reeds. The three pilot-scale HSFs were identical in size and construction (2 m long × 1 m wide with a 0.55 m water depth). Inflow, outflow and precipitation were measured in order to evaluate the water budget of the HSFs. ET was estimated based on the water budget method.
The schematic diagram of the pilot scale HSF is shown in Fig. 1 . The porosity in the HFS was 0.45. Therefore, the flow rate was 50 L/day, giving a theoretical HRT of 10 days. Five sampling wells constructed to enable water extraction from the upper, middle and lower layers of the water column were placed at equal intervals between the inflow and outflow devices. The wells corresponded to the theoretical residence times of 1.8, 3.6, 5.0, 6.4 and 8.2 days if the plug flow through the bed is assumed. The sampling points and HRT of the apparatus are shown in Fig. 2 . The salinity of the sampling point (3-2) of the middle layer at the HRT of 5 days was assumed the representative of the salinity inside of the HSFs. The experimental period was from April 2010 to October 2013. Each sample was collected at all sampling points twice a month.
The measured parameters were pH, air temperature, EC (electrical conductivity), BOD, COD, T-N, NH 4 -N, NO 2 -N, NO 3 -N and Chloride. The air temperature was checked every 30 min and the amount of daily precipitation were measured. BOD, COD and Chloride were analyzed according to Japanese standard methods for water analysis, and T-N, NH 4 -N, NO 2 -N, NO 3 -N were analyzed with auto-analyzer (BRAN+LUEBBE, AACS-Ⅱ). The pH and EC were measured with a pH/EC meter (TOA DDK, WM-50ED). The investigation of reed vegetation (length of the shoot and numbersof shoot) and the measurement of inflow and outflow were made twice a month. it might be difficult for reeds of Run A to remain alive and grow under the salinity conditions of Run A. As shown in Fig. 6 , the growth of the reeds of Run A and Run B increased year-by-year, and the vegetation of Run B fared much better than that of Run A. Even at the salinity of the survival limit of reed, the Run A reeds remained alive for three years and the yearly growth rate of Run A increased. On the other hand, the average of the salinity inside of Run B was 9.3 gCl -/L, and the vegetation of Run B was quite healthy compared to that of Run A. It was questioned why Run A reeds were able to survive under such a high salinity. Mauchamp demonstrated that 25-days of exposure to 15 gCl-/L stopped reed growth, but the growth recovered after flushing with fresh water [5] . As already mentioned in Fig. 5 , high precipitation reduced the salinity inside of both Run A and Run B HSFs.
Results and Discussion
Environmental Conditions during Four Years of Operation and Salinity of inside of HSF
Growth of Reeds
It was considered that the large reduction of salinity caused by high precipitation might enable the reeds to survive.
Changes in Time for Outflow
The change in time for outflow at fine weather and rainy weather was investigated to make clear the change of outflow due to the difference of weather. Fig. 7 shows the change in time for outflow and air temperature of Run B at the fine weather from August 3 to 4, 2013. As shown in Fig. 7 , the outflow began to decrease with a rise of air temperature from about 5:00 a.m. and the outflow hardly flowed out from 8:00 a.m. to 8:00 p.m. On the other hand, the outflow began to increase quickly from past 8:00 p.m. and reached the highest outflow at around from 3:00 to 5:00 a.m.. Such outflow behavior was accepted during the period from the middle of April to October which was a growing season of reeds. Fig. 8 shows that the change in time for outflow and precipitation of Run B at the rainy and cloudy weather from August 1 to 2, 2013.
As shown in Fig. 8 , the outflow began to increase after a precipitation, and a high precipitation made the outflow increase immediately. There was no decrease of outflow by ET in the daytime at the rainy and cloudy weather.
A large amount of water loss from HSF of Run B due to ET occurred in the daytime during the summer of fine weather.
Water Budget of HSF
The salinity of the inside of the constructed wetlands varied with precipitation, and it meant that precipitation influenced the concentration of pollutants in the constructed wetlands. Rozkonsky reported that the transpiration of plants had a close relation to the water budget in the constructed wetlands and influenced the HRT and purification process [15] . Fig. 9 shows the schematic diagram of the water budget of the constructed wetland. The parameters of the water budget are inflow, precipitation, evaporation, transpiration and outflow. The water budget of the constructed wetland is expressed as follows [16, 17] : Fig. 10 shows the variation of the water balance (total inflow, daily precipitation and ET) of each run during the periods of July 2010 to October 2013. As shown in the figures, the total inflow was almost the same in each run during the experimental periods.
In Fig. 10-a and Fig. 10-c , there was no large difference in ET of Run A and Run C throughout the experimental periods. It might be due to the reason that the small vegetation of Run A did not provide enough transpiration to influence ET. In Fig. 10-b , higher ET in Run B was observed in the periods from April to October which was growing season of reeds, but lower ET was observed in the periods from November to March in which the growth of reed was over. 11 shows the variation of the ratio of ET to total inflow of each run. The average ratios of ET to the total inflow in the growing season of Run A, Run B and Run C were 0.09, 0.42 and 0.01, respectively. The water losses by ET in three runs were 9%, 42% and 1% of total inflow throughout the experimental period. On the other hand, those in the non-growing season of Run A, Run B and Run C were 0.03, 0.13 and 0.01, respectively. The water losses by ET in three runs were 3%, 13% and 1% of total inflow in this period. Table 2 shows the seasonal change of ET rate during the period from June 2011 to October 2013. As shown in Table 2 Table 3 shows the seasonal change of the inflow and outflow of the daily hydraulic load. There was only slight difference between the inflow load and the outflow load in Runs A and C throughout the experimental periods. On the other hand, there was large difference between the inflow load and the outflow load in Run B, and the differences were remarkably large in particular during the periods of growing season of reed. In the HSF of Run B where water the loss was typically high, the calculation of pollutant removal efficiency estimated from the difference between the inflow concentration and the outflow concentration might lead to significant errors. So, it was necessary to evaluate the removal performance with the load reduction rate expressed by the pollutant load of inflow and outflow, not with the removal efficiency expressed by the pollutant concentration of inflow and outflow. Tables 4 and 5 show the seasonal changes of the inflow load and the outflow load of COD and T-N during the periods from June 2011 to October 2013. There were larger differences between the outflow load and the inflow load during the growing season than during the non-growing season in both COD and T-N of the three runs. This tendency was particularly remarkable in Run B. It is considered that the decrease of COD load of outflow in Run B during the growing season is due to the water loss by ET. As mentioned previously, the reed growth of Run A was less than that of Run B. Therefore, the small water loss by ET in Run A provided less of an outflow load quantity compared to Run B. The tendency of seasonal change of inflow and outflow load of T-N was similar to that of COD. The load reduction rates of COD of Run A, Run B and Run C during the growing season from June 2010 to October 2013 varied from 10% to 15%, from 40% to 50% and from 8% to 12%, respectively. Those of the non-growing season varied from 8% to 9%, from 15% to 20% and from 7% to 9%, respectively. The load reduction rate of the growing season was much higher than that of the non-growing season. The load reduction rate of T-N showed a similar tendency to that of COD.
Seasonal Change of Inflow Load and Outflow Load of COD and T-N
Seasonal Change of Removal Performance of COD and T-N
The removal performance of both the COD and T-N of Run B was highest of the three runs. The HSF with die-back reeds in the non-growing season provided a slight ET and a small water loss and made less of a contribution to pollutant removal compared to HSFs with the dense vegetation bed in the growing season. However, the HSFs with die-back reeds in the non-growing season had a higher removal performance than the HSF without reeds. This indicated that the ET in non-growing season might play important roles in the reduction of pollutant load.
Conclusions
The influence of ET on treatment performance in the treatment of high salinity landfill-leachate was elucidated based on the 2.5-year research in a pilot-scale HSF.
The salinity of the inside of HSF of raw leachate inflow was 15.0 ± 3.4 gCl -/L which was in the level of the salinity of the survival limit of reed, and that of double diluted leachate inflow was 9.3 ± 1.9 gCl -/L.
There were large differences in growth of reeds between the bed of raw leachate inflow and the bed of double diluted inflow. The bed of a raw leachate inflow was a small vegetation, and that of a double diluted leachate inflow was a dense vegetation.
In change in time for outflow at the fine weather, the dense vegetation bed had no outflow in the daytime and had the highest outflow in the night during the growing season.
The dense vegetation bed provided a high ET and a large water loss, which made great contributions to the reduction of the outflow load of COD and T-N.
The bed with die-back reeds in the non-growing season provided a slight ET and small water loss and made less of a contribution to pollutant removal compared to the dense vegetation bed during the growing season. However, the bed with die-back reeds during the non-growing season exhibited higher removal performance than the unplanted bed. The ET of the small vegetation bed was slightly higher than that of the unplanted bed in the growing season, and was the same as the unplanted bed in the non-growing season.
The reduction load rate of COD and T-N of the poor vegetation bed were the same as that of the unplanted bed through the experiment period. 
